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Abstract 


Sustained load crack growth data for Ti-6A1-4V titanium alloy in hydrazine per 
MIL-P-26536 and refined hydrazine are presented. Fracture mechanics data on 
crack growth thresholds for heat-treated forgings, aged and unaged welds, and 
aged and unaged heat-affected zones are reported. Fracture mechanics design 
curves of cradc growth threshold stress intensity versus temperature are generated 
from 40 to 71 ®C. 
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Sustained Load Crack Growth Design Data for Ti-6Ai-4V 
Titanium Alloy Tanks Containing Hydrazine 


I. introduction 

A. Background 

The current fracture control methods used by NASA 
for aerospace pressure vessels specify a fracture me- 
chanics analysis for each pressure vessel design (Refs. 1—4). 
This analysis requires that fracture mechanics data on 
sustained load crack growth (SLCG) be available for die 
selected pressure vessel material in all operating environ- 
ments. As a result, the Mariner Jupiter/Satum 1977 
(MjS77) Project planned to generate sustained load crack 
growth data for Ti-8A1-4V titanium alloy In hydrazine per 
MlL-P-26536 at 40«C (105°F) for tho.MjS77 Propulsion 
Subsystem propellant tanks. 

B. Low-Cost Systems Approach 

Upon learning that the Space Shuttle Orbiter Auxiliuiy 
Power Unit (APU) used MlL-P-26536 hydrazine at 
(150°F), a proposal was made by the Low-Cost Standard- 
ized Spacecraft Equipment Project at JPL to tlw NAS.\ 
I^ow-Cost Systems Office to generate a fracture nie- 
chanies design curse for MIL-P-26536 hydrazine in 
Ti-6A1-4V titanium alloy tanks for the Shuttle APU and 


for future users of the NASA Standard Hydrazine Atti- 
tude Control Thruster/Valve Assembly and the NASA 
Standard Propellant (Hydrazine) Control Assembly. 

By generating 60°C (140°F) and 71“C (IBO'-F) data 
on die same material heat being used for the 40'’C data 
already funded by the MJS77 Projr it, a master design 
curve for the sustained load crack growth threshold 
s'ersus tempetature could be obtained at litde additional 
cost. Cost studisa showed that the first user beyond die 
MJST7 Projt>ct would totally amortize the additional cost. 
Consequently, agreement to generate the master design 
emrve (see Fig. 25) was reacluxl with the people at the 
NASA Johnson Space Center, who are responsible for 
fracture control of the Spac«* Shuttle. 

C. Test Plan 

The test matrix for the de.sign data is shown in Table 
1. Tests in refined hydrazine at 40°C w<*re conducted to 
tie the muster design curve to the extensive amount of frac- 
ture meehunics data for ri‘fined hydruzim' that had 
been generated for the Viking Project (Ref. 5). Tests at 
40”C on welds and heat-aifected zones (HA2) that hud 
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Table i. TMt matri* tor 8LCQ daaign data tor TI*6AI4V titanium alloy In Hydraalna* 


Hydrazine composition Crack location 


MIL-P-20538 

MIL-P-M538 

MlL-P-26538 

MIL-P-20536 

MlL-P-26536 

Refined 

Refined 

Refined 

‘^Exposure time was 24 i 


Forging 

Weld 

Weld 

HAZ 

HAZ 

Forging 

Weld 

HAZ 

Tut all tests. 


Heat-treat condition — — 

40 


Fully aged (STA) X 

As welded ( unaged) X 

Aged aftei v'udding X 

As welded ( unaged) X 

Aged after welding X 

Fully aged (STA) X 

As welded ( unaged^ X 


As welded (unaged) 


Tt^st temperature, '"C 
60 

X 

X 


X 


71 

X 

X 

X 


been aged after welding were included to make the de- 
sign curve applicable to titose tanks whose design allowed 
nging after welding. Only unaged welds and HAZ were 
tested at all diree tonperatures because most hydrazine 
tank designs did not permit aging after welding. 


II. Materials 


made to the Viking Orbiter 1975 (V075) spacecraft 
propellant tank weld joint configuration (Fig. 3). Weld 
panel orientation is shown in Fig. 2. 

After-welding, some of the specimens were aged for 
4 h in argon of dew point less than — 68®C (— 90°F) at 
510® C. Most of the specimens were tested with die welds 
in the “as welded" condition with no aging- after welding. 


A. Forgings 

Materials for all specimens were taken from Ti-6A1-4V 
titanium- alloy pressure vessel forgings per MIL-T-9047 
from Reactive Metals, Incorporated, Heat No. 301275. 
All the material for all specimens was solution-treated at 
954®C (1750®F) for 1 h, water-quenched to 20°C (88°F) 
within 5 s, and then aged at 510°C (950°F) for 4 h. A 
minimum of 0.25 cm was removed from all surfaces after 
solution-treating and aging. Table 2 gives the chemistry 
of the forging heat. Tlie mechanical properdes of the 
solution-treated and aged (STA) forgings are given in 
Table 3. Figure 1 shows a typical microstructure from the 
forgings. Forging specimen orientation is shown in Fig. 2. 

B. Welds and Heat-Affected Zones 

Panels of the aged forging material were welded to- 
gether by Pr<*ssnre Systems, Incorporated, using the same 
inert gas welding chamber, semiautomatic gas tungsten 
arc welding e(|uipment, and procedures as were used to 
weld the propellant tanks for the two MJS77 spacecraft 
to Ik* launchr d in 19H to Jupiter and Saturn (Ref. 6). The 
weld panels w«*re made to the MJS77 spacecraft propel- 
lant tank weld joint configuration (Fig. 3). Two speci- 
mens. LCW-25 and MJS-VV-H<*-1. were from a panel 


After welding, the weld bead was machined from both 
sides of the weld, and individual specimens were then 
sliced from the weld panels. Residual stress analysis 
showed the weld specimens to be essentially free of resid- 
ual stress. 



i 



Fig. 1. Typical mlcroalroctura of forging material from RaactKra 
Metala, Inc,, Heat No. 301279 (Keller’s etch) 
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Tcbto 2. Chtmfeal compofltlon of Tt*6AI*4V titanium alloy ferginga from Hoat No. RMI 30127S 

Percent by weiRht 

fe NO H Al V 

0,14 O.OnS 0,18 0,0110 63 4,3 


Tl 

Balance 


Tablo 3. Mean mechanical Oropertlee and aample atandard devlatlona of twelve different 
plecea of Ti'gAMV (8TA) titanium alloy from Heat No. RMI 30127S 


Ultimate strength, MPa 

Yield strength, MPa 

Ebngation, % in 1.63 cm 

' 

Reduction of area, % ^ 

f 1255 

1165 

8 

45 1 

r 34 

34 

0.7 

3 1 


Table 4 gives me oxygen, nitrogen, and hydrogen con- 
tent of the unaged weld bead. Typical mechanical prop- 
erties of Ae wdd are presented in Table 5. Figure 4 
shows a typical weld microstiucture. 

C. Propellanto 

The basic propellant used in this program was hydra- 
zine (NaH 4 ) per MIL-P-26536C, Amendment 1, Monopro- 
pellant 'Grade. Hereinafter, Ais propellant will be refer- 
red to as MIL-Spec hydrazine. AdAtional tests at 40°C 
were run to aniline-free, refined hydrazine of very high 
purity. Actual chemical compositions of Ae propellants 
are shown to Table 6. 


. 15.2 
cm (TYI>) ■ 


0.127 cm « 0.400 cm 

—k.. / 

7f 'ill 


OtfiS cm 

-MJS'77 SPACtCRAFT 
PROPELLANT TANK WELD 
JOINT CONFIGURATION 


0.284 cm 


~VO‘75 SPACECRAFT 
PROPELUNT TANK 
WELD JOINT 
CONFIGURATION 


Rg. 2. Specimen location and orientation 
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FORGING I 
SPECIMEN 



WELD SUBPANEL 

1.58-cm 

WALL 


Fig. 3. Weld panel configuratidn 










Fig. 4. Typical microstructure of MJ8’77 spacecraft propellant 
tank weld Joint (Kroll’s etch) 



Table 4. Oxygan, nitrogen, and hydrogen conUnt of weld bead 
from epeclmen MJ8»W4 


Table S. Mechanical propertle* of *‘ae welded” welda from 
TI-6AMV titanium alloy, Heat No. RMI 30127S 



1 ‘cur III l»v vveialil 


fOtimale 

Yi<l(l 

KlotiKafinn, 




sln»n«lli. MFii 

slreii^Oi^ ^IFa 

Ml 5,08 till 

() 

N 

II 







1158 

1018 

3 

0,M 

0.0000 

0.0088 




0.13 


0,0008 

1 15S 

1011 

.3 



O.Otll 

1121 

1011 



Table 6. Propellant compositions 


Constituent 

Oereent liv \vei|*lit 


Hefitu'd liydraziiu‘ 

\II1.-Spee Iiydra/itM* 

Hydra/ine i N..H,) 

.9*1.0 rK: 0.02 

•tt.S.7 * 0.02 

Water 

<1.02 ± 0.05 

0.01 ‘0.0.5 

I’artieiilate 

0.5 (I.I 

Not deteniiined 

Chloride 

<0.(MMMt5 ‘ 0.00(KI5 

(MUmt * (MMI00.5 

Aniline 

0.<«)27 ‘ 0.0(M15 

(».45 * 

Iron 

0.(MHMI74 * 0.00(K105 

(UHUMH)5 

Nonvolatile n^sldtie 

0.002 -* 0.001 

0.CMIU3 " O.OtU 

CairlMui ittoxkh* 

0.00:40 O.IKKIS 

onna * o.(K)0,5 

Otla*r volatile earlK>nae<H>u8 material; 
e.K..Ul)MH,MMll,aUdiol 

<0.2 

0.12 -*^0.05 

vO.l 

0.11 * <Mt5 


The helium used for specimen MJS-W-He-1 m<‘t tiu* 
requirements of MIL-P-27407 with less than one part per 
million of hydrocarbons and a dew point of — 84' C 
(-120«F) (cf. Section V-A). 

Ilia Procedures 

As Test Specimen Preparation 

All tests were nnulc* on uniaxiully loaded fracture nu*- 
chanics spcTinieiis containing part-through cracks (ITCV 
Specimens wert' configured and tvstvd within the guide- 
lim'S of ASTM Task Group £-21.01. 05 for tlu» PTC 
specim(*n (lh»f. 7). Ch nc’ral specimen geometry for all 
thret* types or specimens is shown in Fig. 5. 

An electrical di.scharge machimxl (EDM) notch was 
u.s(*d to start the crack. The location of the EDM notch 
for wt‘ld and HAZ sp(»cinu»ns was determined by (idling 
th(* (slg(» of each spi^cimen witli KroHs (ieh. 



Fig. 5. Basic test specimen configuration 
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Procrftcldng bt'fori' sustained l«»ud 'StinK was done by 
cyclically londin)^ the EDM notch in bcndiiiK. A mnsb 
mum outer fiber cyclic str»’ss ol ‘182.(i MPa (7b l>si) s'as 
used to initiate tlie precraek at tlu> root of tin- EDM 
notch, and a muxiuiuui outer fiber stress ol 27f5.8 MPa (40 
ksi) was used to < xteiid the irrccrack to the initial dimen 
sions of tin* sustained load test. A musiinuni-to-mininmin 
stress ratio of O.l was used for all cyclic loading. 

After ert'cracklng. all spcvinu'us wcn> cleaned to 
the rHiuircmcnts for uiouopropellant propulsion systems 
(Ref. 8). 

B. Sustained Load Testing 

Sustained loading equipment and proce<lures were 
c‘sseutially tiu* same as tbos*> us«'d by Mastc>rs and Tilfuny, 
from whom the testing techniques were learned (Ref. 9). 
'rlir»*e specimt'us wt*re loaditl in tamb'in in a standard 
cr»H*p testing maebim*. The ai)pli«‘d stress intensity during 
stLStained loading wa.s varii’d by changing the width of 
the* three simultaneously load«*d sp< cimens. Fhe t**.st Huid 
was pressuretl Into tla* crack tip ’wing cups s»‘aled with 
polytetrafluoroethyh'ue O-ring s«-ais. h matching cup and 
O-ring was used on the back face of the spc'cimen so that 
the uniaxial .stress field in the specimen was unperturbed. 
These prcKedures are described in de tail in Ref. 10. 


fATIGUt 

MARK 


INTfRGRAttULAR 

DUCTM-E 

RUPTURE 



Fig. 6. SEM photomiciograph of boundary bobaeon fatipuo 
“mark" and Intergranular ductile rupture zone showing capability 
of growth measurement method (MJS-W-lj 


Kr- \/T21n«/C))AfK<c (*> 


where 


C. Crack Growth Determination 

.\fter sustaiiMtl hrad testitig, the cracks wem* marked 
by cyclic loading in air. Each specimen was tlu*n frac- 
tun-d in air with a monotonically increasing load at 21 
te» 24"C (70 to 75”F) to nu’asure its fracture- temghne-.ss. 
K/i> lewdiiig rsite of approximately 1S.5 MPa/s was 
ust-d fe»r tiu-se- tests to simulate the rate e>f lenrdiii j; in a 
pre-ssure- vesse-l prererf t«-st. 

Hie- fracture- surfsice-s were- e-\amlne-d in a Camirridge 
Ste-re-ose-an scanning ele-ctrem micrees'.erpe- (SEM) te) mea- 
sure- any crseck growth which eicxrurred during tlie- sus- 
teiine-d load tests. Be cause- the* pre-crack anel the mark 
which we-re- made- by cyclic letaeling are- se* elilTe-re-nt in 
fracture- fe-ature-s Iremi suslaine-il load crai-k greew th, as 
little- as O.IMK)2 cm eif grerwth can lee- ae e-urate-ly ele-te-rmine-el, 
Peer a 24-h te-st, this ee>mpute-s ter lie- a crack grerwth rate- 
as small as 2 > 10 " m/s. Figure- 6 is a graphii- e-xample- 
e*f the- se nsitivity e»f this le-ehnie|Ue. 

0. Stress Intensity Solution 

The- basic stre ss iule nsity use-el feer the- ITC spe-cime-ns 
Wiis the- fiunillar (irillith-irwin re-laliemship as meeelilie-el 
by Maste rs (Re-f. II): 


Ki - stre ss intensity at the tip erf a PTC 
a crack de-pth err minerr se*mi-axis of a PTC 
Irwin’s flaw shape- panune-ter 
,\/a Muste-r’s magnificatiern feu-terr 
ir re-merte- grerss uniaxial te-nsile- stre-ss 

The subscript i ele-uerle-s the- initial isrnditiem at the- starl 
erf the sustalne-d lerael te st, while- the- subscript E ele-uerte-s 
the- critical expe-rime-ntal fracture- lerughuess at 21 to 24"C 
fen the- particular ITC spe-cime-ir be-ing le-ste-d. 


E. Propellant Analyses 

Sample-s erl the- prerpe-llanis we-re- transfe-rre-el glass 
e-apstde-s witherul e-\persure- ler air. The ceipsule- was place-el 
m !i stainle ss sle-e-l livture- anel the- prerpe-llant frerzen by 
inmie-rsiern in liepiiel nilrerge-n. I he- e-eipsule- lip was the-n 
brerke-n anel the- verhime- erf iiemeemde-nsibK- gase-s nie-a- 
sure-el in a e-alibrale-el vae-uum syste-m. 'llee- hyelra/.ine- was 
thawe-el and re fretze-n at 30 C ( 22 F). All mate-rials 

still in the- gase-erus state- al that |e-mpe rauire- ImainK 
ammernia (NH:3l we-re- mceisure-el. The purity of Ihe- re-si- 


8 


JPL TECHNICAL REPORT 32 1608 


dual hydra/ine was determined by gas chromatography, 
which measures NHn, H^O, UDMH, and MMH. Aniline 
was determined colorimctrically. Metal content was an- 
alyzed by atomic absorption techniques. A turbidimctric 
method was used for low concentrations of chloride. 


PRECRACK 


IV. Results 

A. Sustained Lead Crack Growth Data 

Sustained load crack growth data for all the specimens 
ore reported in Table 7. SEM photomicrographs of se- 
lected typical specimens are shown in Figs*-? through 13. 


GROWTH 

Fig* 9* SEM photomicrograph showing 8LCQ hy intargranutar 
ductite rupture of unaged weld In MlL-Spec hydtazine at 40-* 
44*C at 50% of for 24 h (LCW42) 


BOUNDARY—^ 

PRECRACK 










Fig. 7. SEM photomiciograph of precrack and fatigue “mark" 
typical of forging specimens exhibiting no SLC6 (LCF*21) 


PRECRACK « 


GROWTH 


Fig. 10. SEM photomicrograph showing 8LCQ by intergranular 
ductile rupture of unaged wdid in MIL-Spec hydraidne at 40- 
44*C at 63% of K,.. for 24 h (LCW*11) 


Fig. 8. SEM photomicrograph showing 0.0182 cm of growth Iqr 
tra tsgranular ductile rupture of aged forglr«g after 24 h at 
97% of K„. (LCF-23) 


Fig. 11. SEM photomicrograph of precrack and "mark" 
typical of HAZ specimens exhibiting no SLCQ (LCH-3) 
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Table 7. SLC6 4ata l« Ti<AMV fbrgliigi, welds, and HAZ In vwlous propellants at various tem| 
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Table 7 (contil) 



0 <; 6 r'' >! 


LCW - 7 3.051 0.404 581.31 0.170 0.599 0.180 0.0102 0.65 1.48 1.06 40.8 0.77 Weld 

- 8 3.216 0.409 ^J7 0.180 0.615 0.193 0.0127 0.61 1.52 1.06 38.7 0.73 <unaged 

- 9 3.386 0.408 517.56 0.175 0.589 0.193 0.0178 0..56 1.55 1.06 35.9 0.63 

-16 3.048 0.400 S82.96 0.165 0.574 0.170 0.0051 0.65 1.50 1.06 40.0 0.87 

-17 3.147 0.409 555.30 0.168 0.577 0.173 0.0051 0.62 1.51 1.05 37.6 0.72 
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-23 3.147 0.406 496.52 0.241 0.777 0.241 0 0.55 1.60 1.12 42.0 0.91 

-24 3.254 0.406 480.84 0.168 0.592 0.168 0 0.54 1.51 1.06 33.1 

-19.\ 2545 0282 620.03 0.135 0.579 0.135 0 0.69 1.32 1.11 429 0.68 

-20.4 2865 0.280 55527 0.132 0.592 0.132 0 0.62 1.31 1.11 38.1 0.67 

-21A 3.178 0284 493.07 0.140 0.587 0.140 0 0.55 1.36 1.11 342 0.65 


Table? (contd) 
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•*Cnm*th to side only. 


MARK X 


GROWTH 


PRECRACK X 



The prior beta grains are very small in the forging and . 
cannot usuaUy be seen (Fig. 1). However, in the wdd, 
the prior beta grains are as long as the weld is diidc, 
and die alpha>beta platelets form a network of low-angle 
subgrains (Figs. 4, 14). 

AU' crack growth observed in aged-fOrging specimens 
was transgranular ductile rupture like diat seen in Fig. 8. 
All crack growth in unaged HAZ was transgranular 
ductile rupture typified by Fig. 12. No growth was seen 
in aged HAZ, 


Ptg. 12. 8£M photomicragraph shoidrtg SLCG by transgranular 
ductile rupture Wpicai of unaged HAZ in hydrazine (MJS-H-6) 



Fig. 13. SEM photomicrograph of growth by transgranular duc^ 
tile rupture of Unaged weld in helium at 21-24*C at 86% of 
K,j. for. .24 h (MJ8-W-He-l) 


The STA forging material was found to be unaffected 
by either propellant. T^c center of the unaged weld 
metal was found to be the most susceptible to SLGG 
in both propellants. The susceptibility of the unaged 
HAZ was intermediate between the STA forging and 
the unag(‘d weld, .\ging the weld and HAZ after welding 
completely eliminated tlie susceptibilih' of the weld and 
HAZ to SLCG du<‘ to hydrazine. Both the unaged weld 
and unagt'd H.\Z were more suscc*ptible to SLCG in 
MIL-Spec hydrazine than in refim'd liydrazim*. 

The microstructnre of this alloy can be simply de- 
scribed as transformed alpha-beta plat«‘lets within prior 
beta grain boundaries. The hirgwl material also has a 
primarv’ alpha phase which d«»es not exist in the weld. 


Both aged and unaged welds showed two types of 
growth: intergranular ductile rupture along die low- 
angle subgrain botmdaries (Figs. 14 dirough 17) and 
transgranular ductile rupture at approximately 45 deg 
to the low-angle subgrain boundaries (Fig. 18). 

No particular trend in weld fracture mode could be 
seen with respect to SLCG, rapid fracture in air (K/* 
tests), or propellant chemistry. Both types of fracture 
were found in SLCG in both propellants. Botii types of 
fracture were also found in rapid fracture in air. Fast 
fracture in air could not be determined fractographically 
from SLCG in hydrazine (compare Figs. 10 and 17). The 
only apparent difference between SLCG in hydrazine 
and rapid fracture in air was the stress intensity at which 
each occurred. SLCG in helium was entirdiy transgranu- 
lar ductile rupture (Fig. 13). 

When extensive SLCG occurred, the greatest amount 
of grow'th was to the side rather than at the centei of 
the crack, w ere the strt^ss intensity is greatest (Fig. 19). 



Fig. 14. Photomicrograph showing 8LCQ along low-angle sub- 
grain boundaries of unaged weld (MJS-W-1; Kroil’s etch) 
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Fig. IS. S£M photomicrograpi) showing SLCQ intergranular 
ductile rupture along low*angle suhgrain boundaries of unaged 
weld in refined hydrazine at 40-44*C at 72% of fdr 24 h 
(MJSW4) 






Fig. 16. 8EM photomicrograph of 8LCO by inttfrgranulor ductile 
rupture olong low*angle eubgrain boundaries of unaged weld In 
refined hydrazine at 40-44*C at 72% of K,,, for 24 h (MJ8-W-1) 
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Fig. 19. S£M photomicrograph showing more SLC6 to the 
iMe than at the center of the crack (MJS*W*6) 


Also, specimens LCW-15 and MJfS-W-1 show growth 
only to the side (Ttd>le 7). Masters has suggested that 
this phenomenon is due to a lower fracture toughness 
of the material in this direction (Ref. 11). 

B. Fracture Toughness Data 

The experimental fracture toughness Km at 21 to 24®C 
of each of the SLCC specimens is reported in Table 8. 
Data for specimens LCF-25, LCW-24, LCH-11, and 
LCH-22 arc not included, either because the final flaw 
was too deep for full clastic constraint at the tip of the 
PTC or because the specimen broke during marking. 


SLCG in hydrazine to that seen in the other specimen 
(Table?). 

B Design Curves 

Reference 1 describes in detail the application of 
fracture mechattics data to pressure vessel d^gn. There- 
fore, only the design curves seen in Figs. 20 through 25 
will be presented here. The authors diose to plot the 
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Fig. 20. Temperature versus SLCG threshold for 244t exposure 
of ag^ Ti-6AI*4V forgings in MIL>Spec hydrazine 


V. Discussion 

As Roie of Hydrazine in SLCG of Undgod Welds 

Because the fracture mode for SLCG of the imaged 
weld in hydrazine and the fracture mode for rapid frac- 
ture in air were indistinguishable fractographically, a 
question arose concerning the susceptibility of the un- 
aged weld to SLCG in helium commonly used to pres- 
surize hydrazine tanks. Therefore specimen MjS-W-He-1 
was tested in helium at 21 to 24®C at 88% of for 
24 h. Only 0,0025 cm of growth occurrc'd at this lc vt*l in 
helium, thereby showing that tlie SLCG in the unaged 
weld seen in hydrazine at much lower applii*d stn*ss 
intensities was actually caused by the hydraziiu*. Also, 
some conct*rn art)se that the high susceptibility of the 
imaged weld to SLCG in hydraziiu* might he nui(|ue* to 
the MJS77 spacecraft propellant tank weld joint ii>n 
figuration, so specimen LCW-25 from an unaged w<’ld 
panel of the V075 spacecraft pnipellant tank weld joint 
configuration was tested. This specimen showed identical 
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Fig. 21. T«m*^rature versus SLCQ threshold for 24-h exposure 
of u^aged Te6AI4V welds in MIL-Spec hydrazine 
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Table 8. Experimental fracture toughiieas (K,g) date for TI-6AI-4V forgings, weMe, and HA2 
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Table 8 (eontd) 


Specimen 

ID 

Width, 

cm 

Thick- 

ness, 

cm 

Failure 

stress, 

MPa 

Crack 

depth 

0* 

cm 

Crack 

length 

2^. 

cm 

a 

Q 

Ma - 

MPa\/m 

Material 

Tem- 

perature, 

^C 

LCW -23 

3.147 

0.406 

541.0 

0.241 

0.777 

0.60 

1.58 

1.12 

46.2 

Weld 

21-24 

( eontd ).25 

3.175 

0.284 

835.7 

0.150 

0.673 

0.93 

1.20 

1.14 

65.6 

(aRcd) 



-19A 

2.545 

0.282 

855.5 

0,142 

0.589 

0.90 

1.24 

1.12 

a3.3 





-2UA 

2.865 

0.280 

744,2 

0.152 

0.627 

0.83 

1.29 

1.14 

56.6 





-21A 

3.178 

0.284 

705.8 

0.155 

0.605 

0.79 

1.35 

1.13 

52.8 





LCH - 1 

2.278 

0.400 

943.0 

0.211 

0.592 

0.98 

1.62 

1.06 

74.8 

HAZ 



. 2 

2.410 

0.402 

897.2 

0.203 

0.617 

0.93 

1.54 

1.07 

68.0 

(unaged) 



- 3 

2.537 

0.404 

830.8 

0.216 

0.627 

0.86 

i.as 

1.07 

a3.i 





• 4 

2.273 

0.408 

78.5.5 

0.257 

0.732 

0.81 

1.66 

1.10 

66.3 





. 5 

2.418 

0.404 

882.6 

0.211 

0.678 

0.91 

1.48 

1.09 

70.8 





. 6 

2.548 

0.398 

799.3 

0.246 

0.726 

0.83 

1.62 

1.11 

67.5 





- 7 

2.296 

0.402 

900.0 

0.188 

0.640 

0.93 

1.42 

1.07 

68.2 





- 8 

2.423 

0.406 

906.2 

0.190 

0.635 

0.94 

1.44 

1.07 

68.8 





- 9 

2.540 

0.398 

870.3 

0.208 

0.676 

0.90 

1.47 

1.08 

69.0 





-10 

2.421 

0.404 

816.8 

0.229 

0.696 

0.85 

1.57 

1.99 

66,3 





•12 

2.545 

0.403 

956:9 

0.198 

0.643 

0i99 

1.45 

1.08 

74.5 





•13 

2.418 

0.404 

871.0 

0.208 

0.6.53 

0.90 

1.51 

1.08 

68.1 





•14 

2.479 

0.402 

938.0 

0.180 

0.605 

0.97 

1.42 

1.07 

69.8 





-15 

2.550 

0.404 

913.2 

0.218 

0.635 

0.95 

1.60 

1.07 

70.3 





•16 

2.418 

0.404 

892.4 

0.216 

0.668 

0.92 

1.52 

1.08 

70.8 





-IT 

2.482 

0.405 

980.4 

0.183 

0.615 

l.(K) 

1.40 

1.07 

74.0 





-18 

2.54.5 

0.405 

901.3 

0.201 

0.615 

0.93 

1.53 

1.07 

68.1 





•19 

2.299 

0.405 

802.0 

0.254 

0.711 

0.83 

1.67 

1.10 

67.0 

UAZ 



-20 

2.423 

0.403 

827.7 

0.244 

0.645 

0.86 

1.77 

1.07 

64.1 

(aged) 



•21 

2.545 

0.401 

925.0 

O.UK) 

0.610 

0.96 

1.48 

1.07 

69.2 

1 




MJS-W- 1 

3.038 

0.401 

721.0 

0.190 

0.6.53 

0.81 

1.45 

1.08 

5.5.1 

Weld 



- 4 

3.051 

0.403 

816.7 

0.183 

0.612 

0.91 

1.44 

1.07 

60.7 

(unuRcd) 



- 5 

3.1.50 

0.402 

746.1 

0 1S3 

0.612 

0.83 

1.46 

1.07 

.5.5.1 





• 6 

3.2.54 

0.404 

631.7 

0.241 

0.653 

0.71 

1.75 

1.07 

48.9 





MJS-H - 1 

2..53T 

0.402 

902.2 

0.173 

0.734 

0.82 

1.27 

1.08 

70.0 

UAZ 



- 2 

2.408 

0.400 

914.2 

0,180 

0.737 

0.83 

1.30 

1.09 

72.4 

(unagecll 



- 3 

2.2S6 

0.407 

9S9..5 

0.165 

0.711 

0.90 

1.25 

1.07 

75.1 





- 4 

2..540 

0.407 

956.6 

0.188 

0..599 

0.99 

1.47 

1.06 

70.7 





• 5 

2.484 

0.407 

989.9 

0.196 

0.640 

1.00 

1.43 

1.07 

7(i.4 





- 6 

2.421 

0.405 

?)08.8 

0.198 

0.627 

0.94 

1.49 

1.07 

69.1 



1 


MJS-W- 













Hi‘ - I 

3.180 

0.285 

723.9 

0.211 

0.724 

O.SI 

1.45 

1.13 

60. S 

Weld 
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Fig. 22. Temperature versus SLCG threshold for 24-h exposure 
of unaged Ti>6AI*4V HAZ in MIL*Spec hydrazine 


TIME, h 

Fig. 24. SLCG threshold versus time fOr aged Ti*GAI<4V forg- 
ings, aged welds, and a^ HAZ in MIL-Spec hydrazine at 
40-44*C 


O AGED FORGING DATA ' 

A UNAGED HAZ DATA 
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Fig. 23, SLCG threshold versus time for aged TI-6AL4V forg- 
ings, unaged welds, and unaged HAZ in refined hydrazine at 
4(M4X 
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Fig. 25. Master design curve for »*as welded** TI-6AI-4V 
tanks In MIt-Spec hydrazine 
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design curves os functions of the applied stress intensit)’ 
ratio Kh/Kik, because it is their opinion that this ratio 
is the true material property controlling SIX5C for this 
alloy in-tlit>se env'ironments. The actual applied str<‘ss 
. .ensity K», is r<*corded alongside each data point for 
the benefit of those whose design approach is based on 
this parameter only. T1 k‘ crack growth thresholds afe 
rt>comm(‘nded on the basis of the observed cfaek growth 
rates. No tlir(*$hold alxwe 80% of Kn: was recommended 
Ijecause of the SLCG observed in helium. 

The apparent decrease in sasceptlbilit)' to SI.CG at 
the higher temperatures seen in Figs. 20 through 22 is 
believed to be caused by plotting the data for all tem- 
peratures as a function of the invme of K/k at 21 to 
24®C. The actual K;k at the higher sustaiiu*d load tt*st 
t<*mperatures is higher than K/b at 21 to 24°C. Therefore, 
the ratio of applied .stre-ss intensih* at the sustainerl load 
tt*st temperature to the fracture toughness at the sus- 
tained load test temperature, K/i{71°C)/K/B(71'^C). is 
actually lower than the ratio that was plotted. 

Vi. Conclusions 

(1) Extreme susceptibility to SLCG in hydrazine 's a 
universal propert>* of unaged weld metal in Ti- 
6A1-4V titanium alloy of normal interstitial content. 


(2) Aging both weld metal and HAZ at 510 -'C for 4-h 
after welding compleh'ly removes all susceptibility 
to SI.CG induced by hydrazine, ns can be .seen by 
comparing the 50% threshold of Fig. 21 to tlw 
80% threshold of Fig. 24. 

(.8) It is not known whether the growth obs<‘rv«*d in 
the aged forgings, welds, and IIAZ at strm Inten- 
sitl<*s above 80%> of Kik was actually SLCG or 
sul)critical growth on loading. Tlie extrem«4y low 
amoimts of this growth such as SH*n In sp<*cimen 
LCF-28 suggests that the aged forging, welds, and 
HAZ may have a veiy sharp fl-curve (Ref. 12). 

(4) Unaged weld metal and unagtxl H.AZ are less .sus- 
ceptible to SLCG in r«‘fint‘d hydrazine than in 
MIL-Spec hydrazine (cfnnpare Figs. 21, 22, and 23). 

(.5) .Agetl forging.s, aged and unaged welds, and aged 
and itnag(*d HAZ made from aged forgings do not 
(‘\hibit the SLCG liehavior at low stre,ss intensiti«*s 
in inert environments that was reported in R<4s. 
1.3. 14. and 1.5 for annealed Ti-6A1-4V' plate in 
inert environments. 
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